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Decreased Absolute Amygdala Volume
in Cocaine Addicts
volume. The right-left amygdala asymmetry in control
subjects was absent in the cocaine addicts. Topologi-
cal analysis of amygdala isosurfaces (population aver-
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David R. Gastfriend,4 Igor Elman,7
Matthew D. Albaugh,3 Steven M. Hodge,3 ages) revealed that the isosurface of the cocaine-
dependent group undercut the anterior and superiorDavid A. Ziegler,3 Fred S. Sheahan,1,2,11
Verne S. Caviness, Jr.,3 Ming T. Tsuang,5,8,9 surfaces of the control group, implicating a difference
in the corticomedial and basolateral nuclei. In cocaineDavid N. Kennedy,2,3,14 Steven E. Hyman,10,12,14
Bruce R. Rosen,2,14 and Hans C. Breiter1,2,4,14,* addicts, amygdala volume did not correlate with any
measure of cocaine use. The amygdala symmetry co-1Motivation and Emotion Neuroscience
Collaboration efficient did correlate with baseline but not cocaine-
primed craving. These findings argue for a conditionDepartment of Radiology
2 Athinoula A. Martinos Center that predisposes the individual to cocaine dependence
by affecting the amygdala, or a primary event early inDepartment of Radiology
3 Center for Morphometric Analysis the course of cocaine use.
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Massachusetts General Hospital and
Harvard Medical School Cocaine use and cocaine addiction are responsible for
Boston, Massachusetts 02129 failure in life roles and enormous costs to society in
5 Department of Psychiatry terms of disability and direct health expenditure. Yet
Massachusetts Mental Health Center and current treatments remain disappointing, and our under-
Harvard Medical School standing of environmental and hereditary risk factors
Boston, Massachusetts 02115 and the pathogenesis of addiction (Reich et al., 1999;
6 Department of Psychiatry and Tsuang et al., 2001; Kendler et al., 2003) remains incom-
Division of Women’s Health plete.
Brigham and Women’s Hospital and Animal studies of cocaine’s action have focused on a
Harvard Medical School set of subcortical gray matter structures and paralimbic
Boston, Massachusetts 02120 cortices that are involved in the mediation of reward
7 McLean Hospital and reinforcement, most notably the ventral tegmental
Belmont, Massachusetts 02478 area of the midbrain, the nucleus accumbens, the amyg-
8 Department of Epidemiology dala, and regions of the prefrontal cortex (Dworkin and
Harvard School of Public Health Smith, 1988; Herrnstein, 1961; Kelz et al., 1999; Koob,
Boston, Massachusetts 02115 1992; Kornetsky and Esposito, 1981; Laakso et al., 2002;
9 Institute of Behavior Genomics Nestler, 2001; Pettit and Justice, 1991; Self et al., 1998;
Department of Psychiatry Stein and Fuller, 1992; Wise, 1982; Wise et al., 1978). In
University of California, San Diego cocaine-dependent human subjects, this distributed set
San Diego, California 92037 of subcortical gray matter structures and paralimbic cor-
10Department of Neurobiology tices has been observed to be activated by acute co-
Harvard Medical School caine infusions (Breiter et al., 1997, 1998), a subset of
Boston, Massachusetts 02115 which, such as the nucleus accumbens (NAc) and amyg-
11Harvard Division on Addictions dala, also show signal change correlated with drug-
12Office of the Provost primed craving. Craving can be conceptualized as the
Harvard University conscious representation of a motivational state that
Cambridge, Massachusetts 02138 leads to intense drug seeking by cocaine-dependent
subjects. Several research groups have used drug-con-
ditioned cues to elicit craving while imaging the human
brain; in such experiments, the amygdala has consis-Summary
tently been observed to be activated, along with regions
to which it has strong connections, such as the orbito-The amygdala is instrumental to a set of brain pro-
cesses that lead to cocaine consumption, including frontal cortex and anterior cingulate cortex (Childress
et al., 1999; Grant et al., 1996; Kilts et al., 2001; Maasthose that mediate reward and drug craving. This
study examined the volumes of the amygdala and hip- et al., 1998; Volkow et al., 1999; Wexler et al., 2001).
Existing studies of brain structure in cocaine userspocampus in cocaine-addicted subjects and matched
healthy controls and determined that the amygdala that used voxel-based morphometric analyses have re-
ported abnormalities only in brain regions connectedbut not the hippocampus was significantly reduced in
to the amygdala, such as the orbitofrontal cortex and
anterior cingulate cortex (Franklin et al., 2002; Matochik*Correspondence: hbreiter@partners.org
et al., 2003). Regions of white matter that contain the13 These authors contributed equally to this work.
14 These authors contributed equally to this work. tracts connecting the amygdala with the orbitofrontal
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cortex and anterior cingulate cortex have been reported 0.06 cc [mean  SE]), left (1.33  0.06 cc), and total
amygdala (2.67  0.10 cc), relative to control subjectsto be abnormal on the basis of fractional anisotropy
for right (1.75  0.06 cc), left (1.52  0.06 cc), and totalmeasures from diffusion tomographic imaging (Lim et
amygdala (3.27  0.10 cc) (Figure 1A). An analysis ofal., 2002). In this study, we sought to evaluate the hy-
variance yielded a significant effect for the right [F(1,pothesis that volumetric and topological abnormalities
52)  22; p  0.0001] (Figure 1B) and total amygdalamay exist in the amygdala of cocaine-dependent sub-
[F(1, 52)  17; p  0.0001] volumes and an effect forjects that may represent a predisposition to cocaine
left amygdala volume that did not meet the Bonferroniaddiction, or a drug-induced neuroadaptation. Amyg-
correction [F(1, 52)  5.3; p  0.02] (Figure 1C). (2)dala volume and topology were assessed by segmenta-
Analysis of covariance (ANCOVA) for years of educationtion-based morphometric analysis (Caviness et al.,
with the total cohort indicated a nonsignificant effect1996; Filipek et al., 1994; Kennedy et al., 1989; Makris
for right [R2  0.31; F(1, 52)  0.92; p  0.05], left [R2 et al., 1999), which provides absolute quantitative volu-
0.10; F(1, 52) 0.40; p 0.05], and total amygdala [R2metric measures. Given that volume increases and de-
0.26; F(1, 52)  0.86; p  0.05]. Group effects remainedcreases have been reported previously for cocaine-
significant for right [F(1, 52)  11.3; p  0.0015] anddependent subjects, the hypothesis was stated in terms
total amygdala [F(1, 52)  8.3; p  0.006], but not theof volumetric differences, and two-tailed Student’s t
left amygdala [F(1, 52)  2.4; p  0.05].tests were employed throughout. To act as a compari-
Analysis after Increasing Cohort Homogeneity. (1)son for this a priori focus on the amygdala, the hippo-
Analysis of variance, when assessing a more homoge-campus, a neighboring connected structure that plays
neous sample, continued to demonstrate a significanta role in reward and aversion, was examined. If the hippo-
effect for diminished amygdala volume in cocaine-campus was unaffected, it would strengthen the specificity
dependent subjects. Specifically, in Caucasian malesof any volumetric change observed in the amygdala be-
(n  14 addicted, 19 controls), amygdala volume re-tween cocaine-dependent subjects and matched con-
mained smaller in cocaine-dependent subjects for righttrols.
(1.33 0.08 cc), left (1.35 0.08 cc), and total amygdala
(2.68  0.14 cc), relative to control subjects for rightResults
(1.78 0.07 cc), left (1.63 0.07 cc), and total amygdala
(3.41  0.12 cc). An analysis of variance produced aStructural imaging data from two cohorts of cocaine-
significant effect for the right [F(1, 31) 19; p 0.0001],dependent subjects studied with cocaine infusions (n
and total amygdala [F(1, 31)  16; p 0.0004] volumes,27) (Breiter et al., 1997, 1998) were combined. Clinical
but not the left amygdala volume, which did not meetscreening had been the same for both cohorts, and
the Bonferroni threshold [F(1, 31)  6.9; p  0.01]. (2)structural imaging followed the same procedure devel-
ANCOVA for years of education in Caucasian males indi-oped by the MGH Center for Morphometric Analysis
cated a nonsignificant effect for right [R2  0.39; F(1,(CMA) (Caviness et al., 1996; Filipek et al., 1994; Kennedy
31)  0.53; p  0.05], left [R2  0.18; F(1, 31)  0.06;et al., 1989; Makris et al., 1999). These subjects were
p  0.05], and total amygdala [R2  0.33; F(1, 31) matched on an individual basis to healthy controls. Con-
0.07; p  0.05]. Group effects remained significant fortrol subjects were accrued as a general control sample
right [F(1, 31)  8.1; p  0.008] and total amygdala [F(1,for morphometric studies of psychiatric populations
31) 8; p 0.008], and nonsignificant for left amygdala(Goldstein et al., 1999, 2002; Seidman et al., 1999, 2002)
[F(1, 31) 4.6; p 0.04] given the correction for multipleand had been structurally scanned following CMA pro-
comparisons. (3) ANCOVA for age in Caucasian males
cedures during the same period of time as the cocaine-
indicated a significant effect for right [R2  0.56; F(1,
dependent subjects. Matching of individuals from these
31)  12.3; p  0.0014] and total amygdala [R2  0.52;
cohorts was performed on the basis of age, gender, and F(1,31) 11.8; p 0.0017], but not for the left amygdala
handedness. Ethnicity and education were utilized as [R2  0.31; F(1, 31)  5.6; p  0.02] given the correction
covariates in the data analysis. Statistical analyses fo- for multiple comparisons. Group effects remained signif-
cused on the entire cohort and were then repeated for icant for right [F(1, 31) 20; p 0.0001] and total amyg-
consistency on homogeneous subgroups of subjects dala [F(1, 31)  16; p  0.0004], and nonsignificant
based on one ethnicity and gender. Symmetry indices for left amygdala [F(1, 31)  5.8; p  0.02] given the
for the amygdala and hippocampus assessed the con- correction for multiple comparisons.
sistency of the morphometric measures within and Volume Symmetry. Asymmetry is here defined as a
across groups. Given a focus on amygdala and hippo- distribution of symmetry indices that is significantly non-
campal volumes, both total and lateralized volumes, the zero. Amygdala volumes for the cocaine group were
Bonferroni correction for multiple comparisons was p symmetric, 0.015  0.042 [two-tailed t(26)  0.35;
0.05/6  0.0083 in this sample. Lastly, a limited set of p 0.05], whereas those of the control group were right-
exploratory correlations were performed between mor- ward asymmetric, 0.134  0.039 [two-tailed t(26) 
phometric measures and clinical variables to support 3.43; p  0.002]. Furthermore, the symmetry indices
etiological hypotheses for any observed volumetric were different between groups [F(1, 52)4.3; p0.044].
findings. Exploratory Correlations. The cocaine subjects were
characterized by a large set of clinical variables against
Absolute Volumes which potential correlations with the morphometric data
Amygdala could be explored. To facilitate the development of
All Subjects. (1) Blinded segmentation revealed smaller hypotheses for future studies, a limited number of corre-
lations were evaluated to elucidate questions raised byvolumes in cocaine-dependent subjects for right (1.34
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Figure 1. Boxplots of Amygdala and Hippo-
campus Volumes in 27 Cocaine-Dependent
Subjects and 27 Matched Normal Controls
The dispersion measure is presented as a
diamond, and the horizontal line through the
data represents the whole-group mean.
the morphometric data about the etiology of the volume, moderate dose infusion, did not [r(18)  0.10; p  0.05;
r(25)  0.04; p  0.05].symmetry, and topological differences observed in co-
caine-dependent subjects. Hippocampus
All Subjects. (1) In contrast to the amygdala results,To evaluate the hypothesis that loss of amygdala vol-
ume was related to a cocaine-induced neurodegenera- blinded segmentation revealed similar hippocampal vol-
umes in cocaine-dependent subjects and matchedtive process or a potentially cooccurring psychiatric
condition, we looked for positive correlation between healthy controls. Specifically, volumes of the right
(3.82 0.10 cc), left (3.640.10 cc), and total hippocam-total amygdala volume and measures of drug use or
correlation with clinical measures of depressive and pus (7.46  0.19 cc) (Figure 1D) in cocaine-dependent
subjects were similar to those in healthy control subjectsanxiety symptoms. Correlations of total amygdala vol-
ume with depressive [r(25) 0.24; p  0.05] and anxi- for right (4.02  0.10 cc), left (3.89  0.10 cc), and total
hippocampus (7.91  0.19 cc). An analysis of varianceety symptoms [r(25)  0.16; p  0.05] were not signifi-
cant. Correlation of total amygdala volume to (1) years produced a nonsignificant effect for the right [F(1, 52)
2.1; p  0.05], left [F(1, 52)  3.0; p  0.05], and totalof cocaine use [r(27)  0.09; p  0.05], (2) days of use
in past month [r(27)  0.02; p  0.05], (3) amount of hippocampus [F(1, 52)  2.8; p  0.05] volumes. (2)
ANCOVA for years of education with the total cohortmoney spent on drug 1 week before scanning [r(25) 
0.04; p  0.05], and (4) age of beginning drug use also indicated a nonsignificant effect for right [R2 0.08;
F(1, 52)  2.4; p  0.05], left [R2  0.06; F(1, 52)  0.51;[R(27)  0.11; p  0.05] were not significant.
To evaluate support for the hypothesis that changes p  0.05], and total hippocampus [R2  0.08; F(1, 52) 
1.4; p  0.05]. Group effects remained nonsignificantin amygdala volumes represent a predisposition to ad-
diction, we looked for a negative correlation between for right [F(1, 52) 0.1; p 0.05], left [F(1, 52) 1.0; p
0.05], and total hippocampus [F(1, 52)  0.5; p  0.05].the amygdala symmetry index and a baseline measure
of drug craving for the 24 hr prior to scanning (a putative Analysis after Increasing Cohort Homogeneity. (1)
Analysis of variance, when focused on a smaller, moretrait measure). Concurrently, we also tested correlations
between the amygdala symmetry index and measures homogeneous sample, continued to demonstrate a non-
significant effect for hippocampal volume in cocaine-of drug-primed craving with an unblinded low-dose co-
caine infusion and a blinded moderate-dose cocaine dependent subjects. Specifically, in Caucasian males
(n  14 addicted, 19 controls), hippocampal volumeinfusion. Given three measures of craving, the Bonfer-
roni correction for multiple correlations was p  0.05/ remained similar in cocaine-dependent subjects for right
(3.81 0.15 cc), left (3.640.15 cc), and total hippocam-3  0.017. The amygdala symmetry index was utilized
given that losses of normal asymmetry in the brain are pus (7.44  0.28 cc), relative to control subjects for
right (4.19  0.13 cc), left (4.01  0.13 cc), and totalgenetically influenced (Mochizuki et al., 1998; Piedra et
al., 1998; Hyatt and Yost, 1998; Ryan et al., 1998; Supp hippocampus (8.20  0.24 cc). An analysis of variance
produced a nonsignificant effect for the right [F(1, 31)et al., 1997; Isaac et al., 1997; Lowe et al., 1996; Meno et
al., 1996; Yokoyama et al., 1993; Aitken, 1991; Galloway, 3.8; p  0.05], left [F(1, 31)  3.7; p  0.05], and total
hippocampus [F(1, 31)  4.2; p  0.05] volumes. (2)1990). Baseline drug craving over the 24 hr period before
experimental evaluation correlated negatively with ANCOVA for years of education with Caucasian males
indicated a nonsignificant effect for right [R2 0.14; F(1,amygdala symmetry indices [r(24)  0.49; p  0.01].
In contrast, the two measures of drug-primed craving, 31)  0.97; p  0.05], left [R2  0.12; F(1, 31)  0.30;
p  0.05], and total hippocampus [R2  0.14; F(1, 31) with an unblinded low-dose infusion, and with a blinded
Neuron
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0.7; p  0.05]. Group effects remained nonsignificant be significantly less than in matched controls (Figures
for right [F(1, 31)  0.79; p  0.05], left [F(1, 31)  1.3; 1A–1C). This difference was most pronounced in the
p  0.05], and total hippocampus [F(1, 31)  1.1; p  right amygdala, which was decreased in volume approx-
0.05]. (3) ANCOVA for age with Caucasian males also imately 23% (versus an approximate 13% volume de-
indicated a nonsignificant effect for right [R2 0.13; F(1, crease for the left). This difference remained when evalu-
31)  0.59; p  0.05], left [R2  0.11; F(1, 31)  0.01; ated for effects of ethnicity, years of education, and
p  0.05], and total hippocampus [R2  0.13; F(1, 31)  gender. Although an ANCOVA showed a significant ef-
0.22; p  0.05]. Group effects remained nonsignificant fect of age, it did not abrogate the observed amygdala
for right [F(1, 31) 3.2; p 0.05], left [F(1, 31) 3.4; p volume differences between addicts and controls. The
0.05], and total hippocampus [F(1, 31)  3.7; p  0.05]. amygdala volumes of cocaine-dependent subjects were
Volume Symmetry. Hippocampal volumes for the co- similar for each hemisphere, whereas those of their
caine group were asymmetric, 0.048  0.018 [two- matched controls had clear laterality differences. The
tailed t(26)  2.68; p  0.005], and likewise for the amygdala symmetry index correlated with baseline crav-
control group,0.033 0.015 [two-tailed t(26)2.26; ing assessed over 24 hr but not state-based craving
p 0.039]. Furthermore, the symmetry indices were not induced by cocaine infusions. Amygdala volume in ad-
different between groups [F(1, 52)  0.42; p  0.05]. dicts did not correlate with (1) measures of anxiety or
Exploratory Correlations. No significant correlation (all depression, (2) any measure of the amount of cocaine
p 0.05) was found between hippocampus volume and use, or (3) age at which cocaine use began. In all of
(1) depressive symptoms [r(25)  0.08], (2) anxiety these clinical and drug use measures, excepting the
symptoms [r(25) 0.05], (3) years of cocaine use [r(27) Hamilton Rating Scale for Anxiety (HRSA), there was
0.05], (4) numbers of days of use in the past month considerable variation in subject data, making a type II
[r(27)  0.04], (5) amount of money spent on drug in the error for the absence of correlation less likely. Hippo-
1 week before structural scanning [r(25)0.12], (6) age campal volumes, which were set up as a potential con-
at beginning of drug use [r(27)  0.21]. No significant trast to those of the amygdala, were reduced (with 4.9%
correlation (all p  0.05) was found between the hippo- and 6.4% differences for the right and left hippocampus)
campus symmetry index and (7) baseline craving [r(24) but did not significantly differ between addicts and con-
0.065], (8) craving ratings following unblinded low- trols, supporting the specificity of the amygdala findings
dose cocaine infusion [r(25)  0.19], or (9) craving (Figure 1D). Topological analysis of amygdalas from ad-
ratings following blinded moderate-dose cocaine infu- dicts and unaffected controls illustrated that the isosur-
sion [r(17)  0.30]. face of the unaffected controls completely covered the
isosurface of addicts, except for the inferior-most sur-
Topology face. This topological analysis suggests that the differ-
Three-dimensional surfaces of the amygdala represent- ences lie in nuclei of the corticomedial and basolat-
ing an average (e.g., an isosurface depicting the proba- eral groups.
bility 0.5) of the group of cocaine-dependent subjects These data support three general conclusions. First,
(n  27) and the group of controls (n  27) were con- in a comparison of 27 cocaine-dependent subjects and
structed. The probability 0.5 surface of the cocaine- matched healthy controls, the amygdala, compared to
dependent group is covered by (i.e., undercuts) the connected regions such as the hippocampus, was sig-
healthy control surface in a continuous fashion from an nificantly reduced in volume. These amygdala volume
anterior-inferior position to a posterior-superior posi- differences between the two cohorts were related to a
tion. This undercut is observed on both lateral and me- loss of normal amygdala laterality in addicted individu-
dial aspects of the amygdala. Maximum undercutting als. These patterns of volume and laterality differences
of the control group isosurface is 4.5 mm in the anterior
were distinct from those observed for the amygdala
extent and less across the superior surface of the amyg-
and hippocampus in a number of other neuropsychiatric
dala to its posterior extent, representing regions where
illnesses with which addiction is commonly comorbid.healthy controls have amygdala tissue and the cocaine-
Second, topological differences point to a complex setdependent subjects do not. A small region where the
of potential changes in the corticomedial and basolat-healthy control isosurface undercuts that of the cocaine-
eral subnuclei, or to one subnucleus near the center ofdependent group is observed along the inferior extent
the amygdala. Third, dispersion (i.e., variance) estimatesof the amygdala (Figure 2). This pattern difference en-
for amygdala volume were similar in both cohorts, andcompasses nuclei from the corticomedial and basolat-
symmetry indices were significantly different. Amygdalaeral groups in the healthy controls (Mai et al., 1997)
symmetry coefficients from addicted individuals corre-(Figures 3A–3C; see Supplemental Figure S1 at http://
lated with their baseline craving measures (over a longerwww.neuron.org/cgi/content/full/44/4/729/DC1/).
time interval than an experimental cue presentation).When the amygdala isosurfaces are juxtaposed with
Furthermore, the reduction in amygdala volume was notthose of the hippocampus, the posterior hippocampal
correlated with any measure of drug use. In concert,junction shows minimal surface differences between the
these findings argue in favor of a condition that predis-two groups, supporting the validity of the morphometric
poses the individual to cocaine dependence by affectingand topological measures from these regions (Figure 4).
the amygdala, or a primary event early in the course of
cocaine use.Discussion
LimitationsSynopsis
The primary limitation of this study is the modest numberIn this study, segmentation-based morphometry found
the amygdala volume of cocaine-dependent subjects to of subjects (n 27 cocaine-dependent subjects), which,
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Figure 2. Three-Dimensional Isosurface Rep-
resentation of the Amygdala
On the left side of the figure, the right (red)
and left (green) lateral ventricles as well as
the right and left amygdala are shown in three
dimensions. The average amygdala isosur-
face for the right amygdala in the control and
cocaine-dependent subjects is included in a
yellow square and zoomed out on the right
side of the figure: the average amygdala of
27 normal controls and the average amygdala
of 27 cocaine-dependent subjects are core-
gistered and superimposed. The amygdala of
the cocaine-dependent subjects (purple) is
encapsulated within the larger average amyg-
dala of the normal controls shown in transpar-
ent blue. Note the difference in size between
the two groups in the anterior, superior, and
lateral amygdala regions.
although consistent with other morphometric studies in lation of |r|  0.52 with a sample size of 27 (power
analysis run with Fischer Z-transform).the literature, limits statistical power. In addition, the
findings may not be generalized to other populations
with addiction, such as females, a group for which there Etiological Considerations: Neurodevelopment
versus Neurodegenerationis emerging evidence of differences in brain morphome-
try (Goldstein et al., 2001). In the study presented here, The amygdala is composed of more than a dozen sub-
nuclei, which can be generally segregated into twofemales represented only a small proportion of the co-
hort. Until further studies are performed with other cate- groups, the corticomedial (including the central nucleus)
and the basolateral groups, on the basis of cellular ori-gories of addictive substances, we cannot exclude the
possibility that there may be a more general relationship gins and other factors (Amaral and Price, 1984; Amaral
et al., 1992; Swanson, 2003; Swanson and Petrovich,between amygdala volume and substance abuse, or
even between amygdala volume and baseline craving in 1998). These subnuclei, like the subnuclei of most sub-
cortical structures, are composed of both gray matterindividuals with a tendency toward addictive behaviors.
The strengths of the study include well-characterized and white matter, which remain difficult to resolve with
current in vivo imaging methods. As displayed in Figurecocaine-dependent patients, a carefully matched con-
trol group, blinded data analyses, and a design that 3, the regions of the amygdala that are affected by dimin-
ished volume in that structure in cocaine-dependentprovided clinical measures that could be correlated with
structural findings. Although correlation with clinical subjects approximate regions containing subnuclei of
both the corticomedial and basolateral groups. It is pos-variables can strengthen data, these clinical indices are
predominantly subjective ratings, commonly cross-sec- sible, though, that this diminished volume reflects ef-
fects from a relatively restricted set of basolateral sub-tional in their temporal representation, and can be so-
cially conditioned attributes of internal states. The integ- nuclei, distributed near the center of the amygdala and
producing a general inward retraction. These two inter-rity of the technical procedures (Figure 4) is supported
by two observations. First, the variance of the morpho- pretations of the isosurface topological data represent
testable hypotheses with relevance based on the differ-metric measures was the same between cocaine-
addicted and control cohorts. Second, the absence of ential connectivity of these two general amygdala sub-
nuclei groupings (see Supplemental Figure S1 at http://laterality differences in the amygdala volumes of co-
caine-dependent subjects strengthens the argument for www.neuron.org/cgi/content/full/44/4/729/DC1/).
Previous anatomic studies using voxel-based mor-an abnormality in the amygdala, as it does not solely
rely on an absolute volume comparison between the phometry have demonstrated decreases of 5%–11% for
cocaine-dependent subjects in other regions besidesgroups. Restriction of our sample to right-handed co-
caine-dependent subjects and normal controls that the amygdala, namely the superior temporal cortex and
paralimbic cortices such as the orbitofrontal cortex, in-were tightly matched on a one-to-one basis limits the
ability to generalize these findings to other population sula, and anterior cingulate (Franklin et al., 2002; Ma-
tochik et al., 2003). In contrast, quantitative volumetricgroups and limits the option of increasing statistical
power through a larger sampling of the control cohort. increases of 3%–9% have been reported for the caudate
and putamen in cocaine addicts in a study with a differ-However, by utilizing such homogeneous groups, we
increase the internal validity of the findings and limit the ent proportion of female to male subjects, a different
proportion of races, and a different segmentation tech-effect of potential hemisphere laterality effects on them.
Insignificant differences must be interpreted cautiously, nique (Jacobsen et al., 2001). Although amygdala vol-
ume differences in the current study were consistentsince they may reflect the risk of type II error; these must
be considered, in particular, in relation to the absence of with the presence of morphometric decrements for par-
alimbic regions connected to it, the volume differencespossible correlation findings. A power analysis, how-
ever, indicates that there is 80% power to detect a corre- in the amygdala were many-fold larger than differences
Neuron
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Figure 3. Coronal Cross-Sections Illustrating Degree of Overlap between Average Isosurface Representations of the Amygdala for Cocaine-
Dependent and Control Groups
In (A)–(C), the approximate coronal level of the cross-section is represented on a lateral view of the average amygdala isosurface representations
(blue  controls; pink  addicts). In the coronal cross-sections, pink indicates overlap between average isosurface representations of the
amygdala for cocaine-dependent and control groups. Blue represents areas encompassed by the average isosurface of the control group
that do not overlap with the average isosurface of the cocaine-dependent group. In (A)–(C), an anatomical sketch, at approximately the same
coronal level, has been included (Mai et al., 1997). Note in (A) and (B) the absolute absence of amygdala in the cocaine-dependent group.
Compared to the atlas, this could be interpreted as volumetric decrease related to the following amygdala nuclei: lateral, basomedial, and
basolateral nuclei of the basolateral group and anterior cortical, medial, and central nuclei of the corticomedial group.
reported in these studies. These amygdala findings were or hippocampal volume, and covariance with participant
education is more conservative than covariance withalso consistent with the observation of decreased frac-
tional anisotropy for white matter regions connecting less direct social measures involving parental educa-
tion. However, there are other measures of social statusorbitofrontal cortex and anterior cingulate cortex with
the amygdala (Lim et al., 2002). The observed volumetric that could be tested with future study.
Strikingly, amygdala volumes did not correlate withdata are distinct from that reported for manic-depressive
illness and Alzheimer’s, where both the amygdala and any measures of drug use. The amygdala data contained
very similar standard error estimates for the addictedhippocampus show decreased volumes (Blumberg et
al., 2003; Callen et al., 2001; Lyoo et al., 2004). This and control subjects. This finding is unlikely to be due
to type II error (false negative), given the considerablevolumetric pattern is also distinct from those reported
for major depressive disorder or posttraumatic stress variability in these clinical and drug use measures. Evi-
dence suggesting that the amygdala volume changesdisorder, both of which have been correlated with some
degree of diminished hippocampal volume (Bremner et may represent early neuroadaptation or damage re-
sulting from drug use comes from animal studies ofal., 2000; Krishnan et al., 1991; Sapolsky, 2001).
The absence of significant differences in the hippo- brain regions connected to the amygdala (Meredith et
al., 2000; Robinson and Kolb, 1997; Robinson et al.,campus argues against a role for stress in the amygdala
findings, given reports of decreased hippocampus vol- 2001; Cruz and Tsai, 2004). Given that cocaine use varied
substantially in our subjects (1–27 years), and a de-umes in major depressive disorder (Vythilingam et al.,
2002). Differences in social status are also unlikely, as creased amygdala volume was present in all seven indi-
viduals with 1–2 years of cocaine use (i.e., 26% of thethere was no effect of years of education on amygdala
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cohort), the changes we observed in the amygdala including judgment of whether an individual appears to
be approachable or trustworthy (Adolphs et al., 1998)would have to represent a very early drug-induced loss
or to perceive emotionally salient events (Anderson andof gray matter if this were to be an etiological consider-
Phelps, 2001). Neuroimaging further implicates theation.
amygdala in the processing of social communication inAn alternative hypothesis is that the observed amyg-
the form of facial expression (Adams et al., 2003; Breiterdala abnormalities are a developmental condition that
et al., 1996; Morris et al., 1996; Whalen et al., 2001).predisposes subjects to cocaine abuse or addiction.
The relationship of amygdala volume to measures ofNormal laterality differences in amygdala volume were
amygdala activity, as via blood oxygen level-dependentnot observed in the cocaine-dependent cohort, and
(BOLD) measures from functional magnetic resonanceamygdala volumes did not correlate with any measure
imaging (fMRI), is not well understood across the healthyof drug use. These observations suggest that the de-
control population. Hypothetically, the cell numbers re-creased amygdala volume may precede cocaine use
flected by a particular volume measure should also beand represent a preexisting marker of illness susceptibil-
important for capillary recruitment with brain activity.ity, or endophenotype (Almasy and Blangero, 2001;
How this relationship might be altered by state variablesBreiter and Gasic, 2004). The volumetric asymmetry be-
associated with psychiatric illness or by paradigms thattween the right and left amygdala for healthy controls
segregate reward and aversion with differential BOLDin the current study nearly replicates that reported by
signal profiles has not yet been carefully studied. It fur-Filipek et al. (1994). This right greater than left volume
ther remains a topic of active inquiry regarding howasymmetry has a developmental origin (Giedd et al.,
alterations in quantitative brain volumes may or may not1996; Giedd, 2004). Indeed, alterations or losses of
have effects on brain function in the way that overt brainasymmetry in organ systems such as the nervous sys-
lesions do.tem have been shown to be genetically influenced
Despite the continuing challenge posed over linking(Mochizuki et al., 1998; Piedra et al., 1998; Hyatt and
brain structure to brain activity, two functional neuro-Yost, 1998; Ryan et al., 1998; Supp et al., 1997; Isaac
imaging studies linking the amygdala with the expec-et al., 1997; Lowe et al., 1996; Meno et al., 1996; Yoko-
tancy of negative outcomes (Breiter et al., 2001; Kahn etyama et al., 1993; Aitken, 1991; Galloway, 1990). For
al., 2002) appear to be relevant to the current volumetricinstance, situs inversus (many forms of which have a
results. In one expectancy study (Breiter et al., 2001),genetic basis [Supp et al., 1997]) switches gross brain
subjects participated in a game of chance that followedhemisphere asymmetry but not necessarily functions
the precepts of prospect theory as developed by Kahne-such as language (Kennedy et al., 1999). In humans and
man and Tversky, and extended by Mellers with decisionrodents, cerebral asymmetry is strongly correlated with
affect theory (Kahneman and Tversky, 1979; Mellers ethandedness, and handedness does have a significant
al., 1997; Tversky and Kahneman, 1992). Multiple sub-genetic component (Geschwind et al., 2002; Roubertoux
cortical regions demonstrated expectancy effects, butet al., 2003). In light of these studies, the current data
only the amygdala produced a signal time course speci-raise the hypothesis that the amygdala volume changes
fied for the expectancy of negative outcomes. Indeed,are a preexisting condition.
this was its primary response to these stimuli. In a sepa-Validation of this hypothesis requires either a longitu-
rate study of choice behavior (Kahn et al., 2002), experi-dinal study of individuals at risk who subsequently may
mental subjects played a naturalistic choice paradigmor may not develop the disorder or study of the trait in
against the experimenter, which involved the potentialindividuals recruited in a family-based design (Seidman
to lose if caught bluffing the experimenter. fMRI revealedet al., 2003). Such studies are necessary to determine
that during the time when a choice had been made, butif the decreased amygdala volume in cocaine addicts
the outcome was still unknown, the amygdala producedrepresents a brain-based phenotypic marker for illness
significant signal changes preferentially following choices
that could facilitate future human genetic studies aimed
that entailed a risk of loss. These observations are rele-
at discovering the genes that modify the risk for addic-
vant, because cocaine-dependent subjects have signifi-
tion (Breiter and Gasic, 2004; Breiter et al., 2004). cant difficulty identifying the potential negative out-
comes of their behavior or acknowledging that these
Functional Considerations outcomes could transpire (Gawin and Ellinwood, 1988;
of Amygdala Abnormality Koob et al., 1998).
Grossly, unilateral amygdala lesions in nonhuman pri- The amygdala appears to be essential in relapse to
mates diminish aggressive behavior to aversive human drug-seeking behavior (See et al., 2003). Environmental
stimuli (Downer, 1962). Circumscribed bilateral amygda- cues (people, places, and things) that have been paired
lectomy produces a form of the Kluever Bucy Syndrome with cocaine use through conditioned learning elicit drug
in which the animal shows less aggressive response to craving, a monofocused motivational state (Breiter et
aversive human stimuli, responds sexually to nonappro- al., 1997; Breiter and Rosen, 1999), which has been hy-
priate goal objects, and cannot distinguish edible from pothesized to be an important variable predicting re-
nonedible goal objects without mouthing the object lapse in the clinical setting (Childress et al., 1999; Grant
(Kluever and Bucy, 1939). Mesulam (2000) interprets this et al., 1996, 2000). Alterations in activity during cue-
as a breakdown in the “channeling of drive to the appro- induced craving have been reported in the amygdala
priate target in the extrapersonal space.” In humans, by numerous positron emission tomography (PET)
amygdala related problems with assessing the re- (Childress et al., 1999; Grant et al., 1996; Kilts et al.,
warding and aversive aspects of goal objects appear 2001; Volkow et al., 1999) and fMRI (Maas et al., 1998;
Wexler et al., 2001) studies. In this study, an exploratoryto extend to social judgments (Adolphs, 1999, 2001),
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Figure 4. Segmentation Procedure of the
Amygdala and Hippocampus
On the right upper row, a T1-weighted MRI
parasagittal section of a human brain (plane I)
shows the amygdala (blue) and hippocampus
(purple) in the rostrocaudal dimension. On the
left upper row, a white square depicts the
region in which the series of coronal sections
(A) through (F) were taken. A red line delin-
eates the posterior and inferior border of the
amygdala, which divides it from the hippo-
campus. A blue line delineates the anterior
and superior borders of the amygdala. These
lines are traced in multiple parasagittal planes
to provide guidelines for the amygdala bor-
ders in the cross-referenced coronal sections
on which is performed the manual segmenta-
tion. In (A), the anterior tip right amygdala is
shown segmented in blue, whereas in the left
side it has not appeared yet. Blue dots are
derived from the cross-referenced outlines of
the amygdala borders drawn in the parasagit-
tal planes. In (B), the right and left amygdala
are segmented. In (C) and (D), both amygdala
and hippocampus are segmented bilaterally.
Red dots demarcate the border between
these two structures. In (E), the hippocampus
is segmented bilaterally. Finally, in (F), the
posterior tip of the left hippocampus is shown
segmented in purple.
Substance use was quantified via the Addiction Severity Index (ASI),correlational analysis associated the amygdala asym-
as reported previously (Breiter et al., 1997, 1998). ASI measures ofmetry coefficient with baseline craving measures for the
drug use included estimation of (1) total years of drug intake (9.5 24 hr prior to scanning. Craving represents a strongly
8.4 [1–27]), (2) number of days in the past month they had used
positive incentive state that may play a central role in cocaine (16.3  8.5 [3–30]), and (3) amount of money spent on
relapse even after detoxification (O’Brien et al., 1998). It cocaine in the past week prior to neuroimaging ($302.5  $274.9
[20–1000]). Age of drug use onset was 25.2 7.1 years of age (rangehas been hypothesized that dysfunction of the prefrontal
12–36 years). Potential anxiety and depressive symptoms were as-cortex might contribute to a failure to inhibit drug-seek-
sessed via the HRSA (4.08  3.84 [0–15; test range  0–54]) anding impulses (Robinson and Berridge, 2003). If this hy-
Hamilton Rating Scale for Depression (HRSD) (6.64  5.82 [0–23;pothesis of failed inhibitory mechanisms is correct, this
test range  0–52]). Clinical assessment of baseline craving (a trait-
study raises the question of whether the amygdala plays like measure) focused on the 24 hr interval prior to scanning using
an important role in that failure. the “Current Intensity” query (4.7  0.5 [0 – 9 range]) from the
Quantitative Cocaine Inventory/Craving Scale (QCI/CS) for the
Treatments for Cocaine Addiction Collaborative Study (Elman etConclusion
al., 2001).The observed decrease in amygdala volumes in co-
One day after clinical screening and clearance, addicted individu-
caine-dependent subjects (spanning a range of years als underwent fMRI during a double-blind, randomized, placebo-
of drug use) versus matched controls suggests that this controlled drug infusion protocol that has been reported previously
change represents an early neural marker of cocaine (Breiter et al., 1997, 1998). During these infusions, a number of
behavioral measures, including drug craving (AUC: 0.5  0.1 [0–3use or a developmental trait that increases the risk of
range]), were obtained in a continuous sequence each minute. Todrug dependence. Future family-based studies or longi-
obtain meaningful behavioral ratings during scanning, subjects weretudinal studies of illness progression will determine
trained beforehand. The day before scanning, subjects were inter-
which of these two etiological alternatives explains viewed in depth by one of two board-certified psychiatrists to fully
these findings with clear public policy implications. describe their experience of drug craving from cocaine intake. These
descriptions were then linked to an integer scale of 0 (none) to 3
Experimental Procedures (maximum). The individualized conventions for description of sub-
jective responses were then tested, during an unblinded preinfusion
Subjects with 0.2 mg/kg cocaine, on a portable computer with a program
Subjects were recruited on the basis of either a personal history of simulating that used in the MRI (AUC: 0.6  0.2 [0–3 range]). Of
cocaine dependence that met DSM-IV criteria or a personal history the behavioral measures, only craving was defined operationally in
with the following five features: (1) no psychiatric illness, (2) no terms of the action the individual wanted to engage in (to get more
psychotropic medication, (3) no psychiatric hospitalization, (4) no cocaine) and thus was defined as a motivational state.
family history of psychiatric illness, medication, or hospitalization, Control subjects were accrued as a general control sample popu-
and (5) no history of violence. lation for morphometric studies of psychiatric populations (Gold-
Subjects with a personal history of cocaine dependence were stein et al., 1999, 2002; Seidman et al., 1999, 2002). Subjects with
formally diagnosed via Structured Clinical Interview for DSM-IV a negative personal and family psychiatric history were further evalu-
ated for latent psychopathology via the short form of the Minnesota(SCID-I) and psychiatric interview by a board-certified psychiatrist.
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Multiphasic Personality Inventory (MMPI-168) (Vincent and Castillo, Intrarater and Interrater Reliability
All subjects were segmented, blind to group status, by one MR1984) and excluded if they had clinical scales above 70. They were
further administered the substance use section of the Schedule for technician (M.D.A.) trained by the neuroanatomist (N.M.). Intrarater
reliability, as assessed by intraclass correlation coefficient (ICC)Affective Disorders and Schizophrenia (SADS).
Healthy controls were individually matched to cocaine-dependent (Fleiss and Shrout, 1977), was 0.84 for the total amygdala volume,
which was consistent with interrater reliabilities in previous studiessubjects on the basis of age (cocaine-dependent [COC] 33.9 years
[range 26–45 years]; normal control [NC] 35.6 years [range 23–46]; (Goldstein et al., 2002; Seidman et al., 1999, 2002).
Volumetric Analysisp  0.3), gender (COC  23/27 male/total; NC  21/27 male/total;
p  0.5), and handedness (COC  26/27 right-handed; NC  26/27 Volumes, calculated in cubic centimeters, for each individual struc-
ture were derived by multiplying the number of voxels assigned toright-handed; p  1.0). Race (COC  17/27 Caucasian; NC  25/
27 Caucasian; p  0.007) and education (COC  12.5 years [range that structure on each slice by the slice thickness and summing
across all slices in which the structure appeared (Kennedy et al.,10–16]; NC 14.9 years [range 12–18]; p 0.0001) were not perfectly
matched and hence were used as covariates in the data analysis. 1989).
Estimates of location and scale of the morphometric volumes
were evaluated by separate repeated measure analyses of variance.Neuroimaging
MRI Image Acquisition In each case, the within-subjects variables were anatomic volume,
with subject group as a between-subjects variable. Covariate analy-MRI scans were acquired at the NMR Center of the Massachusetts
General Hospital (MGH) using a 1.5 Tesla General Electric Signa sis was performed on years of education and age. To control for
the effect of race and gender, a separate repeated measure analysesscanner (Milwaukee, WI) and T1-weighted 3D SPGR sequences opti-
mized for segmentation at the MGH Center for Morphometric Analy- of variance was performed of the majority gender and race.
To rule out gross volumetric effects, total brain, cerebral cortex,sis (CMA) (Breiter et al., 1997; Caviness et al., 1996; Filipek et al.,
1994; Goldstein et al., 1999; Jenike et al., 1996; Makris et al., 1999; and cerebral white matter volumes were compared for a randomly
selected subset of cocaine-addicted subjects (n  10) and theirRademacher et al., 1992; Seidman et al., 1999). For healthy controls,
60 contiguous coronal slices (through-plane resolution  3.1 mm) matched controls (n  10). No significant differences were noted
for these morphometric measures [total brain F(1, 18)  1.4; p were acquired (Goldstein et al., 1999; Seidman et al., 1999) and
positionally normalized (Kennedy et al., 1989). For cocaine-depen- 0.25; total cerebral cortex F(1, 18)  0.05; p  0.83; total cerebral
white matter F(1, 18)  1.7; p  0.21].dent subjects, 60 contiguous sagittal slices (through-plane resolu-
tion  2.8 mm) were acquired (Breiter et al., 1997) and positionally The symmetry of the measured amygdala and hippocampal vol-
umes was estimated by a symmetry index (Galaburda et al., 1990):normalized and resampled following standard CMA procedures to
the spatial resolution of the control cohort (Kennedy et al., 1989).
Morphometric Analysis Symmetry index 
Leftvolume  Rightvolume
1/2 (Leftvolume  Rightvolume)Images were processed and analyzed at the MGH CMA using Sun
Microsystems, Inc. computer workstations. Images were position-
where the Rightvolume and Leftvolume are the same anatomic regionally normalized by imposing a standard three-dimensional coor-
in the right and left hemisphere. Positive values indicate that thedinate system on each three-dimensional MR scan using the
anatomic region of concern is larger in the left hemisphere. Thismidpoints of the decussations of the anterior and posterior commis-
symmetry index is a unitless quantity, very much like a coefficientsures, and the midsagittal plane at the level of posterior commissure,
of variation.as points of reference for rotation and (nondeformation) transforma-
For correlation analysis, the following variables were utilized fortion (Filipek et al., 1994). Positional normalization overcomes poten-
the cocaine subjects: HRSA, HRSD, years of cocaine use, days oftial problems caused by variation in head position across subjects
cocaine use in previous month, money spent on cocaine in theduring scanning. Gray-white matter segmentation was performed on
previous week, age of drug use onset, baseline craving from theeach T1-weighted, positionally normalized, 3D coronal scan using a
QCI/CS, drug-induced craving from the low-dose unblinded infusionsemiautomated intensity contour mapping algorithm for cerebral
delivered on the day before scanning, and drug-induced cravingexterior definition and signal intensity histogram distributions for
from the moderate-dose blinded infusion delivered during fMRI.demarcation of gray-white matter borders (Kennedy et al., 1989;
A log transformation was performed on each variable to ensureMakris et al., 1997). With this technique, borders were defined as
approximately normally distributed data. Pearson correlations werethe midpoint between the peaks of the bimodal distribution for any
then calculated to test for significant relationships between each ofgiven structure and its surrounding tissue. This technique yields
the log-transformed variables and amygdala total volumes, hippo-separate compartments of overall cortex and subcortical gray struc-
campus total volumes, and their respective symmetry indices.tures corresponding to the natural tissue boundaries distinguished
by the signal intensities in the T1-weighted images (Filipek et al.,
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